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Flexible hybrid electronics (FHE) has a wide range of applications including 
medical devices, wearable devices, communication devices, automotive and aerospace 
sensors, and various consumer Internet of Things (IoT). This thesis has a focus on inkjet-
printed antenna. Inkjet printing is a maskless, material-saving and fully additive technique 
which allows a variety of conductive inks to be deposited on a wide range of flexible 
substrates. During usage, the FHE components are often stretched, bent, folded, and/or 
twisted to conform to underlying structure. Therefore, the electrical and mechanical 
characteristics of flexible printed electronic components should be studied under such 
deformation during operation. 
In this work, tests have been developed for characterizing the mechanical and high-
frequency electrical behavior of inkjet-printed patch antennas under uniaxial and biaxial 
bending. The antenna samples have been fabricated by inkjet printing silver nanoparticle 
ink on flexible polyethylene terephthalate (PET) substrates. Polycarbonate cylindrical 
mandrels of different radii have been used as test fixtures for the uniaxial bending test. 
Special sculptured surfaces have been 3D printed in polylactic acid (PLA) to perform the 
biaxial bending test. During bending tests, the S11 (return loss) response has been measured 
by a vector network analyzer (VNA) in both bent and flat configurations. Mechanical 
simulations have been performed to study the strain distribution in the printed elements 
which will lead to changes in electrical behavior. High-frequency electrical simulations 
have also been performed to correlate with the bending experimental data. It is seen that, 
the conductivity of the printed structure changes differently in different zones, due to the 
xvii 
 
various values of strain it undergoes. Although the cracks are observed in the printed 






CHAPTER 1. INTRODUCTION 
Flexible hybrid electronics (FHE) as indicated by its name, has the great advantage 
of its ability to conform to complex geometry. Benefiting from this feature, FHE has a wide 
range of applications including medical devices, wearable technology, communication 
devices, automotive and aerospace sensors, and various consumer Internet of Things (IoT) 
[1]. Figure 1 indicates some of the current and future applications of FHE. 
 
Figure 1 - The middle image shows an example of FHE. Some current and future 
applications for FHE are: (a) flexible display and touch screen, (b) e-skin for 
robotics, (c) medical application, (d) wearable device, (e) detection system, and (f) 
communication system [1]. 
Recently, printing technologies have been explored as the cost-effective fabrication 
methods for FHE. In general, the printing methods are additive-only, do not require clean 
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room environment, and can be fabricated on-demand. Some popular methods are inkjet 
printing, screen printing, aerosol jet printing, flexographic printing, and gravure printing, 
and the mechanisms of them are shown in Figure 2 [8]. Each printing method has its unique 
advantages and limitations. Inkjet printing is material-saving and cost-effective, but has 
relatively slow printing speed, low throughput, and low resolution. Screen printing is 
simple to perform and has high speed, but its print quality and resolution are highly 
impacted by the selection of the substrate, ink, and screen. Aerosol jet printing can produce 
finer features but has lower scalability toward large area processing. Gravure and 
flexographic printing have better control of feature size and are good for roll-to-roll large 
production but require large capital investment.  
 
Figure 2 - Schematics of different printing methods: (a) inkjet printing, (b) screen 




In printed electronics, polymer thin films are commonly used as the substrate, 
because they are highly flexible, can be inexpensive and permit roll-to-roll processing [9]. 
Some candidate polymer substrates for printing technologies include polyimide (PI), 
polyethylene terephthalate (PET), polyethylene naphthalate (PEN), and thermoplastic 
polyurethane (TPU). The different polymer films have distinct property sets, and it is 
crucial to pick the right film for specific application. Some key properties to be considered 
are mechanical strength, resistance to chemicals and solvents, optical clarity, thermal 
resistance, and commercial availability. Both PET and PEN have high stiffness, good 
chemical resistance, are optically clear, and have good commercial availability, but they 
have low process temperature tolerance. PI has greater process temperature tolerance and 
is also commercially available, but it is yellow in color and has lower mechanical strength 
[12]. TPU as a substrate is highly stretchable and is more comfortable to wear in a textile-
integrated application, but it has lower temperature flexibility and is relatively expensive 
[13, 14]. 
Much research has been done on printable metal conductor including copper, silver, 
and gold on flexible substrates [15- 26]. Direct deposition of molten metals is beyond the 
thermal window of printing on flexible substrates; therefore, most of the research work on 
printable conductor ink has focused on the mix of organic solvent with metallic particle 
solute. The metallic ink solution upon deposition can be sintered into continuous 
conductive films. The sintering or curing condition would impact the conductivity of the 
metallic films [9].  
There are several electronic components, such as strain sensors, inductors, 
capacitors, and antennas, that can be fabricated using commercially available inkjet printers 
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[27- 30]. This work focuses on a high-frequency antenna design fabricated by inkjet printer 
with silver nanoparticle ink on PET substrates. High-frequency antenna is an inherent 
element of any application that requires energy and/or signal transmission and 
communication [31, 32]. 
During the usage in different applications, the flexible antenna will undergo 
different types of deformation, such as stretching, bending, folding, and/or twisting to 
conform to underlying structure. In comparison to the rigid antenna, when the engineer 
design and characterize a flexible antenna, the impacts from potential physical 
deformations need to be taken into consideration. Uniaxial bending test is the most 
common test for the flexible antenna characterization. Most of the existing publications on 
uniaxial bending test of the flexible antenna only report the data in a limited number of 
bending radii [33- 39]. In these publications, the changes in antenna performance have been 
reported, but the correlation between the physical geometry change and the high-frequency 
electrical performance change has not been explored. Because of this, in this thesis, the 
fabricated antenna is subjected to bending using mandrels of seven bending radii from 
0.625 to 4 in., and thus, the antenna is subjected to uniaxial bending. In addition, since in 
some applications the antenna will undergo non-planar deformation, this thesis also places 
the fabricated antenna in a biaxial bending condition. This thesis explores the correlation 
between the mechanical deformation and the high-frequency electrical performance 
change of the antenna.   
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CHAPTER 2. BACKGROUND AND LINTERATURE REVIEW 
This chapter provides an overview on the background of flexible printed antenna 
in comparison to conformal antenna, some available mechanical tests for FHE, and the 
characterization method of antenna electrical performance. 
2.1 History of Conformal Antenna and Flexible Printed Antenna 
Antenna is an electrical component that can receive and/or transmit energy, and it 
is the most critical component in wireless communication systems [31]. According to the 
IEEE Standard Definition of Terms for Antennas (IEEE Std. 145-1993) [40], conformal 
antenna is an antenna that conforms to a surface whose shape is determined by 
considerations other than electromagnetic. The conformal antennas have been used in 
commercial applications such as the body of aircrafts, high-speed trains, and/or other 
vehicles since as early as 1990s. There have also been applications of conventional 
conformal antennas in medical devices [41- 42]. These conventional conformal antennas 
use direct fabrication of antenna elements on curved structures. Such a direct fabrication 
technique not only has fabrication difficulty, but also would result in heavy weight and low 
reliability of the fabricated antennas [43- 46]. 
Printing technologies such as inkjet printing, screen printing, aerosol jet printing, 
flexographic printing, and gravure printing are widely explored and used in the fabrication 
of flexible electronics elements including antennas. Compared to the conventional 
conformal antenna fabrication methods, printing technologies can produce antenna on a 
flexible substrate with benefits in lower cost, lighter weight, and easier fabrication process. 
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Flexible printed antenna can conform to complex underlying surface as the conventional 
conformal antenna does. In addition, the flexible printed antenna exceeds the capability of 
the conformal antenna, as it can undergo different types of deformation during usage, and 
multiple deformation cycles with a proper design [32].  
Flexible antennas have been successfully realized by inkjet printing [30, 33, 43, 
47], screen printing [48, 49], and aerosol jet printing [50]; the conductive material being 
printed varies from silver, copper to graphene, and the flexible substrate includes paper, 
PET, and polyimide. This thesis manages to design and fabricate a high-frequency antenna 
by inkjet printing method with silver nanoparticle ink and PET substrate. The fabricated 
antenna samples in this thesis have a resonant frequency around 5 GHz, which is commonly 
used in applications such as WLAN devices and satellite links [51]. The spectrum of 
wireless communication frequencies is shown in Figure 3. 
 
Figure 3 - Today's wireless communication spectrum [51]. 
2.2 Mechanical Testing of Flexible Printed Electronics 
During usage, flexible printed electronics would undergo different types of 
deformation. Figure 4 shows several applications of flexible electronics and relevant types 
of deformation during usage [52- 54]. A sensor would be uniaxially or biaxially bent to 
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conform onto the vehicle’s body, as shown in Figure 4(a). The folding deformation would 
be applied to the electronics in the foldable display as seen in Figure 4(b).  For a wearable 
sensor that is embedded to clothes as shown in Figure 4(c), the sensor would be bent and/or 
stretched when somebody moves around while wearing it, and the sensor would potentially 
be twisted when being washed in the washer.  Because of these, tests have been developed 
to study the performance and reliability of flexible printed electronics under all kinds of 
deformation. Figure 5 shows some typical schematics of the mechanical test setup, for 
stretching, bending, and twisting [55- 57].  
 
Figure 4 - FHE would experience different types of deformation when in application 





Figure 5 - Multiple mechanical tests are developed to study the performance and 
reliability of FHE including: (a) stretching test, (b) adaptive curvature bending test, 
and (c) twisting test [57]. 
When studying flexible printed antenna, much characterization of antenna under 
deformation is done in bending conditions. The most common bending test is the 
cylindrical mandrel bending test, which is a uniaxial constant radius bending test. In such 
a test, the antenna is wrapped around or attached to a cylindrical mandrel with the printed 
structure facing outward as show in Figure 6.  In the figure, the antenna is bent in the width 
direction where the feedline does not experience any deformation. The antenna can also be 
bent along the feedline direction.  
 
Figure 6 - Example of the antenna mandrel bending test setup [30]. 
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Most of the previous publications on uniaxial bending test of the flexible antenna 
have reported the data in a limited number of bending radii [33- 39]. Furthermore, the study 
of the flexible antenna subjected to biaxial bending condition is very scant in the literature. 
In this thesis work, two sets of experimental characterization are done to the fabricated 
antennas. In the uniaxial mandrel bending test, the antenna samples are wrapped around 
seven mandrels of different sizes to examine the impact of the magnitude of strain on the 
antenna performance. The biaxial bending test developed by Isaac Bower [58], a former 
lab member, is also adapted in this thesis to test the performance of the antenna in biaxial 
bending circumstance.  
2.3 Antenna Performance under Strain 
The fundamental formula for electrical resistance of a thin metal film is 
𝑅 =  𝜌
𝐿
𝐴
                                                             (1) 
where R is the resistance, ρ is the metal resistivity, L is the length of the sheet, and A is the 
cross-sectional area of the sheet. The resistance of the metal sheet would change under 
strain due to Poisson effect. With the assumption of no change in the volume and the 
resistivity of the conductive sheet, the relative resistance of the metal sheet under strain can 













                                               (2) 
where the subscript “0” indicates the unstrained properties of the metal sheet. 
Theoretically, the change in resistance purely relies on the change of geometry.   
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However, the ideal case does not apply to the resistance change of the printed 
conductive thin film. The resistivity ρ is the inverse of conductivity σ, and the conductivity 
would decrease due to the mechanical damages in the printed structure. The printed 
conductive thin film is the cured solution of organic solvent with metallic particle solute. 
The silver flake type of ink is used in screen printing, and the silver nanoparticle type of 
ink is used in inkjet printing and aerosol jet printing. When the printed conductive structure 
on polymer substrate is under positive strain, the electrical resistance change and the 
mechanical damages are reported in the literature. The ability to handle strain differs from 
ink to ink. As shown in the scanning electronic microscopy (SEM) images of Figure 7, the 
screen-printed transmission line of silver flake on KaptonTM polyimide has crack initiation 
upon the first cycle of adaptive curvature bending with the bending gap of 5 mm, and more 
noticeable cracks are observed at the 100th cycle of bending [56]. Figure 8 shows confocal 
laser scanning microscopy (CLSM) image of the inkjet-printed conductive film of silver 
nanoparticle ink on PEN substrate. At the 114th cycle of 2% strain, the cracks are visible 
on the ink with the measured resistance being 2.3 times of the initial resistance [59]. 
 





Figure 8 - Cracks are observed in inkjet-printed silver nanoparticle ink film on PEN 
when under strain [59].  
A useful measurement describing the performance of an antenna is the reflection 
coefficient, also known as return loss, and it can capture the resonant frequency of the 
antenna. In practice of antenna design and characterization, the reflection coefficient is 
presented by the S-parameter (S11). The antenna is resonating at the frequencies at which 
S11 is below -10 dB. Among the previous study of antenna under bending as discussed in 
section 2.2, S11 of the antenna is recorded, and some shifts of resonant frequency are 
noticed when at bent that compared to the flat case. In this thesis, the correlation between 
the high-frequency electrical performance change and the conductivity change due to 






CHAPTER 3. OBJECTIVES AND SCOPE 
Flexible antennas can be successfully fabricated by printing methods. When in 
usage, the antenna will undergo bending deformation uniaxially and biaxially. Thus, it is 
critical to examine whether the antenna has changes in RF performance when under 
deformation. The objective of this thesis is to study the mechanical and high-frequency 
electrical performance of the inkjet-printed patch antenna under uniaxial and biaxial 
bending conditions, and to characterize the relationship between the mechanical 
deformation and the antenna’s performance change. To accomplish the objective, this 
thesis uses the following approach: 
1. Design and fabricate patch antennas by inkjet printing silver nanoparticle ink 
onto PET substrates with the target resonant frequency around 5 GHz. 
2. Test the antenna and measure its high-frequency response under cyclic uniaxial 
bending condition. Utilize mandrels of different radii in the test. 
3. Test the antenna and measure its high-frequency response under cyclic biaxial 
bending condition. Utilize specialized saddle-like shape bending fixtures. 
4. Image ink structures using Scanning Electronic Microscopy (SEM) to 
investigate mechanical failures.  
5. Perform finite-element simulations to examine strain distribution in printed ink 
structures in both uniaxial and biaxial bending tests. 




7. Study the impact of the deformation induced conductivity change of the ink on 
















CHAPTER 4. ANTENNA DESIGN AND FABRICATION 
RESULTS 
A Patch antenna is formed by a metallic patch on a grounded substrate. A typical 
patch antenna design is shown in Figure 9 below. In this thesis, a rectangular patch fed by 
a microstrip line is designed. Inkjet printing method is used to fabricate the antenna 
samples. This chapter discusses the details of the antenna design, fabrication process and 
the fabrication results.   
 
Figure 9 - A typical patch antenna design and the critical parameters associated 
with it.  
4.1 Fabrication Process 
This thesis work intends to fabricate a patch antenna utilizing the inkjet printing 
method. As shown in Figure 10, an EpsonTM C88+ inkjet printer loaded with a silver 
nanoparticle ink (JS-B25P) from NovacentrixTM is used. To achieve the full ink coverage 
of the printed pattern, four passes are printed. When printing the patch antenna, the 
direction of printing is alternated between directions along the feedline and perpendicular 
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to the feedline. In between each pass, the printed structure is air-cured in ambient 
temperature for 30 minutes.  
 
Figure 10 - The EpsonTM C88+ inkjet printer loaded with a silver nanoparticle ink 
(JS-B25P) from NovacentrixTM is used for the fabrication of the proposed antenna 
design. 
The conductive ink is inkjet printed on the silicone-coated front side of a 
polyethylene terephthalate (PET) substrate manufactured by MitsubishiTM. For the antenna 
sample, the other side of the substrate has a copper-foil ground plane and the copper foil is 
attached to the backside of the PET substrate with a 3MTM 966 adhesive tape. An indication 




Figure 11 - Side view of the designed multi-layered antenna. 
4.2 Antenna Design in HFSS 
ANSYSTM HFSS (high-frequency structure simulator) is used to design the patch 
antenna. Figure 12 shows the top view of the antenna design, with the dimension variables 
that are needed in the HFSS model. The substrate width is chosen to be 50.4 mm, and the 
substrate length is chosen to be 76 mm; these are adapted from a previous design of a 
screen-printed patch antenna on KaptonTM. In the antenna design, the patch is centered at 
the substrate. As learned from the previous design experience of the patch antenna on 
polymer substrate, a truncated ground plane is needed for a better match of the resonant 
frequency. In this design the overlap distance between the patch and the ground plane is 
selected to be 4 mm. The feedline width is chosen to be 0.6 mm as it is the smallest feature 
size of the four-pass printing. The target resonant frequency of the antenna is 5 GHz, and 




Figure 12 - Top view of the multi-layered antenna. 
4.2.1 Layer Thickness 
To build a valid HFSS model, the stacking details of the antenna is needed. To 
obtain the details of each layer, a 1 cm × 1 cm square of the ink is printed and attached to 
the copper foil as discussed in Section 4.1. The sample is cross sectioned and inspected by 
the microscope. Figure 13(a) shows the printed ink square with copper foil underneath, and 




Figure 13 - The 1 cm × 1 cm printed square for cross section inspection: a) the top 
view of the printed square on transparent PET substrate with orange copper foil 
underneath; b) the printed square is then cross sectioned along the AA’. 
The inspection results of the cross section are provided in Figure 14. As shown, the 
bottom copper layer has a thickness of 107.54 µm, the adhesive layer on top has a thickness 
of 59.66 µm, and the PET substrate with the silicone coating has a thickness of 134.79 µm. 
The silver ink is too thin to be measured correctly by microscopic image as seen.  
 




Then the optical profilometer is used to measure the thickness of the silver ink. 
Figure 15 shows the 3D scanning results. In Figure 15, the darker area on the left is the 
PET substrate, and the brighter region on the right is the printed silver ink. As seen, the 
PET substrate has a relatively rough surface due to the porous silicone coating on top. 
Therefore, before measuring the step height, a reference surface on the PET substrate area 
is leveled. The ink layer thickness is measured to be 6.28 µm. 
 
Figure 15 - The 3D profilometer scanned result of printed ink layer thickness.  
4.2.2 Material Electrical Properties  
The dielectric properties of the PET substrate and the adhesive are taken from the 
literature and are presented in Table 1. PET is reported to have different values of dielectric 
constant and loss tangent in the high-frequency region, as seen in Figure 16 [60]. At the 
target resonant frequency of 5 GHz, dielectric constant is 2.2 and loss tangent is 0.03.  For 
the adhesive, dielectric constant is 2.92, and loss tangent is 0.025. 
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Table 1 - Material dielectric properties for HFSS model. 
Material Dielectric Constant Loss Tangent 
PET [60] 2.2 0.03 
Adhesive [61] 2.92 0.025 
 
 
Figure 16 - PET's dielectric properties vary in the high-frequency region [60].  
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The copper ground plane is assumed to be the perfect conductor. But the 
conductivity of the silver ink is measured and calculated from a printed transmission line 
sample. The transmission line has a width of 0.6 mm, and a length of 21.9 mm. The four-
point measurement shows that it has a resistance of 2.3 Ω. The conductivity of the printed 








                                                               (4) 
where ρ is the resistivity, R is the resistance, w is the width of the transmission line, t is 
the thickness of the transmission line, L is the length of the transmission line, and σ is 
the conductivity. The calculated conductivity input to the HFSS model is 2.52 × 106 S/m.  
4.2.3 HFSS Simulation Setup and Results 
Parameter sweeps for the two variables, the patch length and the patch width, are 
completed in ANSYSTM HFSS. Both the variables are given the range of 20 mm – 40 mm, 
with an increment of 10 mm; in total, nine simulations are run. Figure 17 shows the sweep 
results. From the results, the patch is chosen to have a length of 30 mm and a width of 40 









Figure 18 - Final design of the patch antenna. 
4.3 Fabrication Results and Comparison to Simulation 
Three antenna samples, P1, P2 and P3 are fabricated following the process 
discussed in Section 4.1. The three fabricated antenna is show in Figure 19. The top side 
of the PET substrate has the patch antenna with a feedline, while the bottom side of the 
substrate has the ground plane. The copper ground plane is seen through the transparent 
PET substrate. From the optical measurement, the patches are roughly 30 mm × 40 mm, 
and the feedlines have a width of 0.6 mm as designed. Edge launch ELF40-001 SMA 





Figure 19 - The three fabricated antenna samples P1, P2 and P3. 
In this work, for all of the high-frequency measurements, an AgilentTM N9923A RF 
Vector Network Analyzer (VNA) is used and calibrated with an HPTM 85052D Calibration 
Kit, using the SOLT (Short-Open-Load-Thru) standards [61]. The free space measurement 
setup is shown in Figure 20. The initial electrical high-frequency measurement results of 
the antenna are presented in Figure 21. As seen, the resonant frequency for sample P1 is 
4.82 GHz, for P2 is 5.06 GHz, and for P3 is 4.93 GHz. The discrepancies come from the 
size of the patch. As seen in Figure 22, a maximum serration of 69 µm occurs along the 
edge of the printed ink structure. It should be pointed out that the printer used in this work 
is inexpensive, and thus, tighter control of dimensions is not possible. The purpose of this 
work is to demonstrate the simulation and measurement methodology, as opposed to 






Figure 20 - The configuration of the fabricated antenna measured in free space by 




Figure 21 - Electrical high-frequency measurement results of the three fabricated 
antennas and their comparison to the simulation result. 
 
Figure 22 - Top view of the optical inspection of the right edge of the patch.   
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CHAPTER 5. MANDREL BENDING TEST AND RESULTS 
5.1 Mandrel Bending Test over Different Sizes of Mandrel 
5.1.1  Experimental Setup and Procedure 
Antenna sample P1 is tested in the mandrel bending experiment over different sizes 
of mandrels. At the start of the bending experiments, the VNA is used to measure S11 of 
the antenna in the flat configuration. The sample is placed on a flat polycarbonate sheet 
with a thickness of 0.125 in.  as shown in Figure 23. The polycarbonate sheet is used in the 
flat configuration to account for the potential effect on the electrical characteristics of the 
antenna in the proximity of another material, and then to compare the electrical 
characteristics of the same antenna under bent configuration over a cylindrical mandrel of 
the same material with the wall thickness of 0.125 in.  
 
Figure 23 - The antenna is seated on a sheet of polycarbonate for the flat 
measurements in the uniaxial bending test. 
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After the flat-configuration measurements, the antenna is sequentially wrapped 
around various polycarbonate cylindrical mandrels with an outer radius of 4, 3, 2.5, 2, 1.5, 
1, and 0.625 in. All polycarbonate cylindrical mandrels used in this experiment are 
presented in Figure 24. In all of the experiments, the antenna is wrapped such that the ink 
layer would face outward as demonstrated in Figure 25, and therefore, circumferential 
tensile strain is applied on the silver ink layer. The experiment is started from the largest 
radius to minimize potential damage to the printed structure, and the measurements are 
then sequentially conducted at smaller radii. After measuring S11 with the antenna being 
wrapped around a cylinder of a particular radius, S11 is measured again in the flat 
configuration before the antenna is wrapped around the next smaller cylinder.  
 
Figure 24 - Polycarbonate mandrel of different radii.  
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This sequence of bent and flat configuration measurements is repeated through all 
cylinders of decreasing radii. Once S11 is measured around the smallest cylinder with a 
radius of 0.625 in. and once it is observed that S11 has minimal change, the experiment is 
then repeated by wrapping the antenna around the cylinders of increasing radii. This 
completes one cycle of S11 measurements. This sequence of measurements is repeated five 
cycles.  
 
Figure 25 - The antenna is wrapped around the polycarbonate mandrel for the bent 
measurements in the uniaxial bending test. 
5.1.2 Experimental Test Results 
The results of five cycles of S11 measurements are presented in Figures 26 – 31. 
The results are zoomed in to 4 – 6 GHz region, since at below 4 GHz, all S11 measurements 




To avoid overcrowding of curves, the flat measurements are shown at the beginning 
and the end of each cycle, and the measured data are shown in Figures 26 through 30. 
Figure 31 shows measured S11 for flat configurations at the beginning and end of all cycles. 
Initial flat measurements of each cycle are denoted as “f0,” and the final flat measurements 
are denoted as “ff.” The in-situ bending S11 measurements are denoted as “b” followed by 
bending radius dimension which is followed by a – sign or a + sign. The – sign indicates 
that the radius is decreasing from one measurement to the next, while the + sign indicates 
that the radius is increasing from one measurement to the next. 
 
Figure 26 - Cycle 1 S11 measurement results of the P1 sample tested in the bending 




Figure 27 - Cycle 2 S11 measurement results of the P1 sample tested in the bending 




Figure 28 - Cycle 3 S11 measurement results of the P1 sample tested in the bending 




Figure 29 - Cycle 4 S11 measurement results of the P1 sample tested in the bending 




Figure 30 - Cycle 5 S11 measurement results of the P1 sample tested in the bending 




Figure 31 - All the S11 flat measurement results of the P1 sample tested in the 
bending test over different sizes of mandrel. 
 The initial S11 measurement shows a resonant frequency of 4.81 GHz. Throughout 
the experiments, the overall shape of S11 is similar, but the resonant frequency shows minor 
changes. In general, with smaller radius bending, the resonant frequency decreases in a 
given cycle, and as the cycling progresses, the resonant frequency continues to decrease 
for a given radius bending. The maximum shift of resonant frequency to a lower value is 
observed to be 80 MHz at Cycle 5 (last cycle) at a bending radius of 0.625 in.  
It is also seen that all the flat S11 measurements have the resonant frequency within 
the range of 4.79 – 4.81 GHz. In other words, it can be considered that there is practically 
no change in the resonant frequency in the flat configuration, and very limited damages in 
the ink structures. 
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5.2 Cyclic Mandrel Bending Test over Mandrel Size of 0.625 in. Radius 
5.2.1 Experimental Procedure and Results of Sample P1 
As the number of bending is relatively small in the test in Section 5.1.2, and very 
limited change in flat measurements is seen, sample P1 is further tested by being wrapped 
around the mandrel of 0.625 in radius for 2000 times. In this test, only the flat S11 
measurements are taken, every 100 times below the 500th cycle, and every 500 times 
between the 500th – 2000th cycles. The flat measurement is taken with the polycarbonate 
sheet underneath.  
The measured S11 results are presented in Figure 32. “f”s in the denotation indicate 
that the measurements are taken at flat, and the numbers coming after indicate the number 
of cycle. Although all the S11 measurements in the flat configuration have similar shapes, 
the range of resonant frequencies is 4.79 – 4.84 GHz, which is greater in comparison to the 
results from the previous set of experiment done to the sample P1. The magnitude of the 




Figure 32 - S11 flat measurements of the P1 sample tested in the cyclic bending test 
over the mandrel of 0.625 in. radius.  
5.2.2 Experimental Procedure and Results of Sample P2 
The undamaged sample P2 is also tested in the mandrel bending cyclic test for 2000 
times over the mandrel of 0.625 in radius with the same procedure. The results are 
presented in Figure 33. As seen, the shape of the S11 response does not change, and the 
resonant frequency falls into the range of 5.01 – 5.09 GHz, and the initial S11 response at 
flat configuration of sample P2 is 5.06 GHz. There is not great change in the magnitude of 




Figure 33 - S11 flat measurements of the P2 sample tested in the cyclic bending test 
over the mandrel of 0.625 in. radius. 
SEM images are taken to the sample P2 after the bending test to examine the ink 
layer’s structure changes. Cracks are observed throughout the printed structures, but 
different areas have different crack densities. Figure 34 focuses on the patch area without 
the underneath copper ground plane. Figure 35 focuses on the patch area with the 
underneath copper ground plane. Figure 36 focuses on the feedline area. As seen, cracks 
are observed in all three areas, and the directions of the cracks are perpendicular to the 
bending direction, which is along the feedline direction. The three areas can be sorted by 
crack density from high to low as: the patch with ground plane, the patch without ground 
plane, and the feedline area. Since the more cracks there are in the printed structure, the 
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lower conductivity it has, the three areas have the inverse ranking of the conductivity values 
from high to low.  
 
Figure 34 - SEM image of the antenna sample P2 subjected to 2000 cycles of 




Figure 35 - SEM image of the antenna sample P2 subjected to 2000 cycles of 
mandrel bending, taken at the patch where there is underneath copper ground 
plane. 
 
Figure 36 - SEM image of the antenna sample P2 subjected to 2000 cycles of 
mandrel bending, taken at the feedline location.   
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CHAPTER 6. MECHANICAL FINITE-ELEMENT ANALYSIS OF 
MANDREL BENDING TEST 
A mechanical 3D finite-element model is built in ANSYS™ Workbench to 
determine the strain distribution of the antenna when in deformation in the mandrel bending 
test. To build a reliable FEA model, the geometry details, material properties, and loading 
conditions should be valid, and this chapter discusses these three aspects in details. The 
chapter also presents the FEA strain results. 
6.1 Geometry Modeling 
The 3D FEA model is set up to mimic the mandrel bending test with the highest 
deformation, where the highest strain appears. Therefore, the model includes two major 
parts, the antenna and the mandrel.  
The antenna model is built based on the fabricated antenna samples discussed in 
Chapter 4. Figure 37 shows the isometric view of the multi-layered antenna 3D model. 
Figure 38 shows the top and bottom views, and Figure 39 shows the side view of the 
antenna model. As seen, the antenna model consists of four layers, which include from 
bottom, copper layer of 107.54 µm, adhesive layer of 59.66 µm, PET layer of 134.79 µm, 
and silver ink layer of 6.28 µm. The copper layer, adhesive layer and the PET layer have 
the same width of 50.4 mm; the copper layer and adhesive layer have a length of 26.5 mm, 
whereas the PET layer has a length of 76 mm. The silver ink layer is formed by a feedline 




Figure 37 - Isometric view of the multi-layered antenna model. 
 




Figure 39 - Side view of the multi-layered antenna. 
The mandrel has a radius of 0.625 in. which is the smallest mandrel size used in the 
experiment discussed in Chapter 5. The length of the mandrel is given to be 50 mm. The 
model of the mandrel is shown in Figure 40. 
 
Figure 40 - Isometric view of the mandrel model. 
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6.2 Material Modeling 
6.2.1 Characterization of Printed Silver Ink’s Property  
Most of the mechanical properties can be looked up in the literature except the 
printed silver ink. The Poisson’s Ratio of the printed silver ink is assumed to be the same 
as the bulk silver of 0.37 [63]. The elastic modulus of the ink can be obtained by the 
nanoindentation technique.  
In this work, a 1 cm × 1 cm square of the ink is printed with the same procedure 
discussed in Section 4.1 for the nanoindentation process. The nanoindentation is performed 
with the HysitronTM Triboindenter. A 3 × 4 rectangle indentation pattern is created within 
the target region. By giving a specific force load, the stylus would indent to a corresponding 
depth. The 12 indentations have different force loads, and the results are shown in Figure 
41. Although the material properties are obtained from the unloading portion of the curves, 
it is critical to make sure that the loading portion of the curves follows the same trend; 
therefore, the indentation 4 and 8 are the two outliers. Figure 42 shows the indentation plots 
without the indentation 4 and 8. As seen in Figure 42, the maximum indentation depth is 
less than 200 nm which is less than 1/10th the thickness of the ink; therefore, all the 
collected data apply to the printed ink, not the underlying substrate. Table 2 shows the 
indentation results of the elastic modulus with the ten valid indents. It is seen that the 
indentation values vary from 2.94 to 10.16 GPa; this is reasonable, because when the stylus 
lands on the printed structure it can be on top of a silver nanoparticle or on the polymer 
matrix that is in between nanoparticles. Therefore, the average elastic modulus value is 




Figure 41 - Nanoindentation data of the 12 indentations on the sample. 
 
Figure 42 - Nanoindentation results without the two outliers. 
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Table 2 - Nanoindentation results 


















6.2.2 Other Materials’ Properties 
For all materials, isotropic elastic material models are used in the simulations. A 
summary of the material used in the simulation is presented in Table 3. As discussed earlier, 
the silver ink has a Young’s Modulus of 5.03 GPa, and a Poisson’s Ratio of 0.37. The 
material properties of the copper foil and the PET substrate can be obtained from the 
literature [64- 66]. The PET has a Young’s Modulus of 2.40 GPa, and a Poisson’s Ratio of 
0.40. Copper foil has a Young’s Modulus of 110 GPa, and a Poisson’s Ratio of 0.34. The 
adhesive layer is assumed to have a modulus of 2.40 GPa. The cylindrical mandrel is 
assumed to have a very high modulus to indicate its rigid nature in the simulation.  
Table 3 - Mechanical material properties for Workbench model. 
Material Young’s Modulus (GPa) Poisson’s Ratio 
Silver Ink  5.03 0.37 [63] 
PET [64] 2.40 0.40 
Copper [65][66] 110 0.34 
 
6.3 Loading and Boundary Conditions 
To mimic the motion of the antenna wrapping around the mandrel, the model is set 
up as seen in Figure 43. The four layers of the antenna are modeled as one part. At the 
initial position, the bottom edge of the substrate without the ground plane is simulated to 
be bonded to the mandrel as seen. To make sure that the sample could fully conform to the 
surface of the mandrel, a rotational displacement is applied to the mandrel with a 1° 
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increment per step through 266° when the entire sample is fully wrapped around the 
mandrel. A small force of 1N is applied to the end surface of the substrate to keep the 
sample flat during rolling. The bottom surfaces of the substrate and the ground plane are 
assigned frictionless contact with the surface of the mandrel. Figure 44(a) and (b) 
demonstrate two isometric views of the final position of the simulation as the mandrel is 
rotated to 266°. 
 













6.4 Initial Meshing Details 
An initial mesh details of the antenna-mandrel system FEA model is shown in 
Figure 45. In the model, the mandrel is assumed as a rigid body in the simulation and is 
meshed with the 8-node SURF 154 elements. The element size is 5 mm.  
 
Figure 45 - Initial mesh details of the mandrel bending FEA model. 
The multi-layered antenna is meshed with the 20-node SOLID 186 elements. The 
element size of 2 mm is assigned to the top surface of the silver ink layer. A sweep method 
is used for the ink layer with the two layers in thickness initially. A multi-zone method is 
used in the PET layer, adhesive layer and copper layer to help save elements in unfocused 
area as seen. A sweep method is also used in these three layers, with an element size of 0.1 
mm in thickness. In the initial mesh case, the PET is meshed in 2 layers, adhesive in 1 




Figure 46 - Side views of the mesh details of the model. 
6.5 Mesh Convergence and Simulation Results 
Bending strain at any location can be approximately computed by  
𝜀 =  
𝑑
𝜌
                                                                  (5) 
where ε is the strain, d is the distance from the neutral axis of the multilayer structure and 
ρ is the bending radius at neutral axis. The strains should be greater where there is an 
underlying copper ground plane moving the neutral plane closer to the cylindrical outer 
surface. The calculated bending strain is 0.01568 for the ink layer with a copper ground 
plane underneath. For the sake of expediency, first principal strain contours of the silver 
ink layer, obtained from numerical simulation with the initial mesh details, are shown in 




Figure 47 - Simulation result of the first principal strain distribution of the ink layer 
in the mandrel bending model with the initial mesh (mesh case 1).  
It is seen that the average strain value of the feedline is 0.01581 which is closed to 
the hand calculated values of 0.01568. With the edge effect of the ground plane, the 
maximum strain value of 0.01740 occurs at the patch where the ground plane ends. The 
portion of the ink with no copper ground plane underneath has strain values of 0.00947. 
The FEA results are sensitive to the mesh densities. Another two sets of meshing 
are run for the mesh convergence valuation. The case 2 has an additional layer of element 
in each material compared to the original mesh of case 1. The case 3 has a smaller size of 
mandrel elements, which is 2 mm rather than 5 mm in the case 1. The results of the mesh 
cases 2 and 3 are shown in Figure 48 and Figure 49. As seen, the strain distribution contours 
are similar to the contour of the case 1, but with higher values. The increases in the strain 
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results are all below 1%, due to the increase of mesh densities. A summary of the mesh 
convergence results is present in Table 4.  
 
 
Figure 48 - Simulation result of the first principal strain distribution of the ink layer 




Figure 49 - Simulation result of the first principal strain distribution of the ink layer 
in the mandrel bending model with the mesh case 3.  
 Table 4 - Mesh convergence results of the mandrel bending model. 
 
Case 1 2 3 
Mandrel Surface Element Size 5 mm 5 mm 2 mm 
Ink Layer Number of Elements in Thickness 2 3 2 
PET Layer Number of Elements in Thickness 2 3 2 
Adhesive Layer Number of Elements in Thickness 1 2 1 
Copper Layer Number of Elements in Thickness 2 3 2 
Max Strain at Patch with Ground Plane 0.01740 0.01756 0.01745 
Average Strain at Feedline 0.01581 0.01595 0.01586 
Average Strain at Patch without Ground Plane 0.00947 0.00948 0.00949 
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It is clear from the mechanical FEA results that, the ink structure experiences 
different strain values in different areas. This strain distribution results can be compared 
with the SEM images results in section 5.2. The patch area without the underneath ground 
plane has the highest strain value, and it has the densest crack shown in the SEM images. 
In the FEA results, the strain value of the feedline area experiences the second highest 
strain and the patch area with ground plane the third, but in the SEM images the feedline 
area has less cracks. This could possibly come to the fact that, with the edge SMA 
connector mounted at the end of the feedline, the bottom portion of the antenna is not fully 
conformed to the mandrel during the test. Therefore, during the experiment, the feedline 
area of the ink structure experiences less strain values than other areas of the ink structure.   
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CHAPTER 7. BIAXIAL BENDING TEST AND RESULTS 
7.1 Experimental Fixture Design and Setup 
Special experimental fixtures are designed and fabricated by 3D printing in 
polylactic acid (PLA) material to conduct the biaxial bending test. Figure 50 shows the 3D 
CAD model of the fixtures design. The fixtures are designed as a two-part system that the 
electronics can be sandwiched to the desired biaxial curved surface. Saddle-like mating 
surfaces of the fixtures are designed such that a 4 in. radius convex curve is swept along a 
40 in. radius concave curve in the transverse direction. Holes are designed at the holders 
of the fixtures, so that in the cyclic bending test, the fixtures can be attached to the universal 
testing machine. Figure 51 shows the 3D-printed saddle-like shape bending fixtures.  
 





Figure 51 - The two parts of saddle-like shape bending fixture are 3D printed 
separately as seen in a), and they can be clamped together during the test as seen in 
b). 
Sample P3 is tested in the saddle-like biaxial bending test. At the start of the biaxial 
bending experiment, S11 of the antenna is measured in the flat configuration. The sample 
is placed between the two blocks with flat mating surfaces as shown in Figure 52. The two 
blocks are 3D-printed using PLA with a thickness of 15 mm, and this thickness roughly 
corresponds to the average thickness of each of the saddle fixtures to account for the 
potential effect on the electrical characteristics of the antenna being sandwiched by another 
material. After the measurements in flat fixtures, the antenna sample is placed in between 
the saddle-like fixtures with the silver ink layer facing downward. The two fixtures are 
clamped together as demonstrated in Figure 53. In such scenario, the antenna experiences 
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tensile bending along the feedline line direction with a bending radius of 4 in. and a 
compressive bending in the direction perpendicular to the feedline with a bending radius 
of 40 in. After measuring S11 while the antenna being sandwiched by the fixtures, S11 is 
measured again in the flat configuration.  
 
Figure 52 - The antenna is seated between two PLA printed blocks for the flat 
measurement. 
 
Figure 53 - The antenna is seated in between the PLA printed fixture with the ink 
layer facing down when taking the bent measurement. 
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Limited change appears in the three measurements of the S11 response, which is 
discussed more in detailed in the next section. Then the sample P3 is subjected to the cyclic 
biaxial bending test. The fixtures are attached to the universal testing machine; the bottom 
fixture remains stationary, while the top fixture moves vertically. The antenna sample P3 
is placed in between the fixtures with the ink structure facing towards the bottom fixture. 
Figure 54 shows the setup of the cyclic experiment. A cycle starts at the position that the 
two fixtures are 10 mm apart. Then the top fixture travels down until the two fixtures clamp 
the antenna sample to fully conform to the mating surfaces. The fixtures stay at the 
sandwich position for two seconds before to the top fixture travel back to the initial 
position. In total 2000 cycles are run. The antenna sample is taken out to take S11 
measurement at flat every 100 times below the 500th cycle, and every 500 times between 
the 500th – 2000th cycles.  
 
Figure 54 - The saddle-like bending fixtures are attached to universal testing 
machine for the cyclic bending test. 
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7.2 Experimental High-Frequency Measurement Results 
Figure 55 shows the first cycle’s measurement S11 results: “f0” is the initial flat 
measurement, “b” is the measurement taken at bent, and “ff” is the flat measurement taken 
after being bent. As seen, the shapes of the S11 responses remain the same. When the 
antenna is conformed to the biaxial curved mating surface, the resonant frequency is shifted 
by +20 MHz. In addition, the two flat measurements almost overlap with each other.  This 
indicates that as the bending radii relatively are large, and the antenna is only subjected to 
one cycle of the bending there is no damage in the ink structure due to the bending.  
 
Figure 55 - The first cycle S11 response measurements of antenna sample P3 in the 
biaxial saddle-like bending test. 
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Figure 56 shows the flat measurement results that are taken during the cyclic biaxial 
bending test. “F”s indicate that they are measurement taken at flat, and the following 
numbers indicate the number of cycle. As seen, the resonant frequencies of all the plots fall 
into the range of 4.68 - 4.75 GHz, with the initial resonant frequency of 4.71 GHz. The flat 
measurement taken at the 2000th cycle not only has the most shift of -30 MHz, but also has 
a change in magnitude of its resonant frequency from around -35 dB to -19 dB.  
 
Figure 56 - S11 response flat measurements of antenna sample P3 in the cyclic 





7.3 SEM Images Results 
SEM images are taken to examine the damages in the printed ink structure. There 
are no obvious cracks observed throughout the ink layer both in the feedline and the patch 
area. Instead, some surface scratches appear near the edge of the ground plane as seen in 
Figure 57 and Figure 58. Although there is no disconnection of the ink layer due to the 
scratches, the changes of connection mode of the silver particles can be seen in the images 
taken at 45k magnification. The scratches are possibly the surface damages done by the 
fixtures, since the antenna sample might not hold still during the clamping process. 
Therefore, as a biaxial bending test method, a non-invasive method such as the Bladder 




Figure 57 - SEM image of the antenna sample P3 after subjected to 2000 cycles of 
biaxial saddle-like shape bending test. The inspection location is near the right edge 




Figure 58 - SEM image of the antenna sample P3 after subjected to 2000 cycles of 
biaxial saddle-like shape bending test. The inspection location is near the left edge of 
the ground plane.  
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CHAPTER 8. MECHANICAL FINITE-ELEMENT ANALYSIS OF 
THE BIAXIAL BENDING TEST 
A mechanical 3D finite-element model is built in ANSYS™ Workbench to 
determine the strain distribution of the antenna when in deformation in the biaxial saddle 
bending test. The model of the FEA simulation is shown in Figure 59. The simulation 
model includes the multi-layered antenna and the fixtures. The antenna model is the same 
in geometry, material properties as the model for the mandrel bending test which is 
discussed in Chapter 6. The fixtures’ geometry details are discussed earlier in Chapter 7.  
As seen in Figure 59, the geometry models are divided for better alignment at the initial 
position. Similar to the mandrel bending model, the fixtures are assigned a very large 
elastic modulus to indicate their rigid nature in the simulation. This chapter discusses the 
boundary conditions and the loading details, and presents the FEA strain distribution 
results.  
 
Figure 59 - Isometric view of the antenna-fixture system for biaxial bending model.  
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8.1 Loading and Boundary Conditions 
Figure 60 shows the front view of the initial position of the model, where the 
antenna sample is seated between the simplified saddle fixtures, and the top and bottom 
fixtures are apart from each other. Upward displacement of 0.05 mm per step is applied to 
the bottom fixture, while the top fixture is held rigid. In addition to that, to prevent rigid 
body movement of the antenna, the node where the antenna sample is in contact with the 
top fixture is fixed, and the front surface of the antenna is constrained to have in-plane 
motion. The contact surfaces between the antenna and the fixtures are assigned to be 
frictionless. A total of 7.6 mm displacement is applied to the bottom fixture for the sample 
to fully conform into the curved surface as shown in Figure 61. Figure 62 shows the shape 
of the antenna at the final position. 
 
Figure 60 - Front view of the initial position of the biaxial bending model, with the 
indication of boundary and loading conditions.   
 




Figure 62 - Isometric view of the antenna sample at the final position.   
8.2 Mesh Convergence and Simulation Results 
Theoretically, the strain induced by the biaxial deformation can be calculated by 
Equations 6 and 7. The x direction represents the lengthwise direction and y represents the 
width direction.  






                                                                  (6) 






                                                                  (7) 
where εxx and εyy are the strain values in x direction and y direction , d is the distance from 
the neutral axis of the multilayer structure, ρx is the bending radius along x direction of 4 
inches, ρy is the bending radius along y direction of 40 inches, and ν is the Poisson’s ratio 
of the silver ink structure. The strain values of the printed ink structure differ in different 
zones. In the zone with the underneath copper ground plane, ɛxx is calculated to be 0.00237, 
and ɛyy is calculated to be -0.00067. In the zone without the underneath copper ground 
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plane, ɛxx is calculated to be 0.00064, and ɛyy is calculated to be -0.000179. A summary of 
the theoretical values is presented in Table 5. 
Table 5 - Theoretical strain values of the printed ink sturcture under the biaxial 
bending condition.  
Ink Structure of Different Zone ɛxx ɛyy 
Zone with Underneath Ground Plane 0.00237 -0.00067 
Zone without Underneath Ground Plane 0.00064 -0.00018 
 
Figure 63 and Figure 64 show the initial mesh (case 1) details of the fixtures and 
the multi-layered antenna. Similar to the model of the mandrel bending test, the fixtures 
are assumed as rigid bodies in the simulation and are meshed with 8-node SURF 154 
elements. The element size is assigned to be 5 mm.  
The multi-layered antenna is meshed with the 20-node SOLID 186 elements. The 
element size of 1 mm is assigned to the top surface of the silver ink layer. A sweep method 
is used for the ink layer with two layers through thickness initially. A multizone method is 
used in the PET layer, adhesive layer and copper layer to help saving elements in the 
unfocused area as seen. A sweep method is also used in these three layers. The PET is 





Figure 63 - Isometric view of the a) top fixture, and b) bottom fixture with 

















 Figure 65 shows the direction of the principal strains from the simulation. As seen, 
the first principal and the second principal strains are the two in-plane strains of the printed 













Figure 66 is the first principal strain contours. As seen, in the zone with underneath 
ground plane, the first principal strain is in the range of 0.00249 – 0.00326. This value is 
close to the theoretical ɛxx value of 0.00237. The first principal strain of the printed ink 
structure without underneath ground plane is in the range of 0.00056 – 0.00095, which is 
closed to the theoretical ɛyy value of 0.00064. The edge effect appears due to the copper 




Figure 66 - Simulation result of the first principal strain distribution of the ink layer 
in the saddle-like shape bending model with the initial mesh (case 1). 
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Figure 67 is the second principal strain contours. As seen, in the zone with 
underneath ground plane, the second principal strain is in the range of -0.00079 – -0.00038. 
This value range is close to the theoretical ɛxx value of -0.00067. The second principal strain 
of the printed ink structure without underneath ground plane is in the range of -0.00025 – 
0.00030, which is close to the theoretical ɛyy value of -0.00018. It is noted that a strain 
concentration appears where the patch is divided. Therefore, another run of the simulation 
is conducted with a finer mesh. 
 
Figure 67 - Simulation result of the second principal strain distribution of the ink 




In the mesh case 2, 0.5 mm is assigned to patch edge, and 3 mm to the fixtures’ 
surfaces as the element sizes. Figure 68 and Figure 69 show the first and second principal 
strain contours of the case 2 results. As seen, the strain results of the mesh case 2 have 
similar contours to the ones of mesh case 1. In addition, the strain contours of mesh case 2 
are smoother and do not have strain concentration. A summary of the strain results in both 
cases is presented in Table 6. As seen, in the mesh case 2 with finer mesh, all the strain 
values are smaller and closer to the theoretical values. In general, the FEA strain results of 





Figure 68 - Simulation result of the first principal strain distribution of the ink layer 




Figure 69 - Simulation result of the second principal strain distribution of the ink 










Table 6 - Mesh convergence results of the saddle-like shape bending model. 




Edge Element Size 




5 mm 3 mm  
First Principal 
Strain Range with 
Ground Plane  





0.00056 – 0.00095 0.00052 – 0.00087 0.00064 
Max First 
Principal Strain 
0.00364 0.00328  
Second Principal 
Strain Range with 
Ground Plane 










CHAPTER 9. CONDUCTIVITY CHANGE IMPACT ON PATCH 
ANTENNA’S HIGH-FREQUENCY ELECTRICAL BEHAVIOR  
Although the damages are observed in the ink structures after 2000 cycles of 
bending in both the biaxial and uniaxial bending tests, the shifts in resonant frequency 
response of the antenna are less than 50 MHz in the flat configuration. The relationship 
between the conductivity and the S11 response are studied with the electrical model in 
HFSS.  
9.1 Updated HFSS Model 
An updated model is built in HFSS to better match the fabricated sample and the 
measurement results. The updated model is built based on the dimensions of the antenna 
sample P1, and a polycarbonate sheet is placed underneath the antenna model as seen in 
Figure 70. The updated patch size is 30.69 mm × 40.69 mm, and the polycarbonate sheet 
is 0.125 in. thickness. The polycarbonate sheet has the dielectric constant of 2.8, and the 
loss tangent of 0.01 [67]. Figure 71 provides the comparison between the initial flat 
measurement taken of P1 at the flat configuration and the simulation result of the updated 
model. The simulation result has the resonant frequency of 4.79 GHz, and the actual 





Figure 70 - Updated HFSS model built based on the geometry of sample P1 with 
polycarbonate sheet underneath. 
 
 
Figure 71 - Comparison of the HFSS simulation and measurement results of P1 at 
flat configuration.  
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9.2 Conductivity Impact on the S11 Response 
Multiple sweeps are run with different values of the conductivity to examine how 
sensitive is the S11 responses to the conductivity change. The original model has a 
conductivity of 2.52 × 106 S/m. The tested conductivity range is 0.50 × 106 S/m – 3.00 × 
106 S/m. The results of the sweeps plus the initial model is presented in Figure 72(a).  
It is seen that the value of resonant frequency has limited change due to the variation 
in conductivity. Larger changes are however observed in the magnitude. When the 
conductivity is reduced to 1.00 × 106 S/m, the magnitude of the resonant frequency changes 
from -30 dB to -20 dB, and when the conductivity is further reduced to 0.5 × 106 S/m, the 
S11 loses the sharpness at resonance. This matches with experimental results. The minimum 
conductivity measured on sample P1 after it is bent is 1.13 × 106 S/m, 45% of the initial 
value. As seen in Figure 72(b), the final measurement taken after 2000 cycles of bending 
has similar resonant frequency as the initial flat measurement; but the magnitude in the 
final measurement is about -25 dB and the initial one is about -30 dB. 
The decrease in conductivity of the printed structure is due to the cracks 
accumulated through cycles of deformation. For the antenna structure with a lower 
conductivity at around 1.00 × 106 S/m, at the resonant frequency, impedance matching is 
getting affected due to increased loss in the antenna. This is manifesting itself as an increase 
in the magnitude of return loss at resonance. It is expected that as a result, the radiated 






Figure 72 - Conductivity value has impact on the S11 response. a) HFSS simulation 
results of models with different conductivity values. b) The initial and final flat 
measurements of P1 in mandrel bending test.  
 
Among all the experimental results, the most shift of resonant frequency at bent is 
-80 MHz (-1.66% of shift relative to 4.81 GHz) when the antenna is wrapped around the 
smallest mandrel of 0.625 in. radius. A greater shift of the resonant frequency at bent 
configuration, can be due to the elongation of the electrical length [68]. For a patch antenna 
on KaptonTM, 0.5% of maximum relative shift to lower values is observed when a uniform 
0.5% bending strain is experienced by the antenna. In this work, when the antenna is bent 
over the mandrel of 0.625 in. radius, the strain value over the antenna patch is between 
0.95% and 1.79%.  
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CHAPTER 10. CONCLUSION, CONTRIBUTIONS, AND FUTURE 
WORK 
10.1 Conclusion 
This work has designed and fabricated flexible patch antennas by inkjet printing 
method. High-frequency electrical performance of the antennas is characterized and 
measured in and after different bending conditions. The damages in the printed ink 
structure due to cycles of deformation have been inspected by SEM. Mechanical finite-
element models have been developed to mimic the bending experiments and to compare 
with the damage observed in SEM. Electrical models have been built to relate damage that 
appears in the ink to the electrical performance of the patch antenna, and to compare against 
the experimental results. 
The patch antenna is designed to have a patch size of 30 mm × 40 mm with a target 
resonant frequency of 5 GHz. Three antenna samples are printed by the EpsonTM C88+ 
inkjet printer with NovacentrixTM  JS-B25P silver nanoparticle ink on PET substrates. The 
three samples have resonant frequencies of 4.82 GHz, 5.06 GHz, and 4.93 GHz in free 
space. The conductivity of the printed ink is 2.52 × 106 S/m. 
In uniaxial cyclic bending test over various sizes of mandrel, when the antenna 
sample is wrapped around cylindrical mandrels, a decrease in resonant frequency is 
observed at the smaller mandrel size, and the resonant frequency continues to decrease with 
repeated cycling, especially at smaller radii. The resonant frequency measurements at the 
flat configuration after each bent have limited changes compared to the initial results. The 
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antenna samples are also tested in cyclic mandrel bending test over the cylinder mandrel 
of 0.625 in. in radius up to 2000 cycles. A maximum 50 MHz shift to a lower value in 
resonant frequency is observed at flat configuration. SEM images are taken to the samples 
after 2000 cycles, and the cracks are observed throughout the printed ink structure. But the 
crack density varies in different zones, depending on whether there is a copper ground 
plane underneath. The crack that appears in the printed ink structure leads to a decrease in 
the conductivity.  
 There is less than 2% relative change on the electrical performance of the antenna 
when being conformed to the designated biaxial curved surface. A maximum 70 MHz shift 
to a lower value in resonant frequency is observed after 2000 cycles of bending in biaxial 
bending test at flat configuration. From the inspection results of the SEM images, no cracks 
are observed, but some surface scratches due to the clamping motion of the surface are 
seen, which change the particle connection modes.  
 Mechanical finite-element models are built to mimic the both mandrel and saddle-
like shape bending tests. The ink’s elastic modulus is obtained in-house by 
nanoindentation, while other materials’ properties are obtained from literatures. A 
maximum strain of 0.01740 is seen in uniaxial bending model, and a maximum strain of 
0.00364 is seen in biaxial bending model. The location of the maximum strain values 
matches with the damage spots found in SEM images.  
 The damages in the ink structure leads to the decrease of the conductivity of the 
printed ink. The minimum conductivity measured from the printed ink structure after 
bending is 1.13 × 106 S/m, which is 45% of the initial value. From the electrical simulations 
done in HFSS, for this specific design, if the final conductivity is greater than 40% of the 
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original conductivity value, the S11 response does not show a great change in the shape and 
resonant frequency. This matches with the observation from the bending experiments.  
10.2 Contributions 
This thesis has successfully fabricated patch antennas by inkjet printing that match 
with the design expectation. The antenna samples are tested in uniaxial and biaxial bending 
test. The contributions of this work are: 
• The design and fabrication methodologies of inkjet-printed flexible patch antenna 
that works in high-frequency have been successfully demonstrated.  
• Antenna performance has been measured under both bending configuration and flat 
configuration. The bending tests have been carried out both uniaxially and 
biaxially. This provides an insight of how the antenna would behave in a realistic 
application and gives an insight into the reliability of the antenna.  
• The failure locations of the printed ink structures can be predicted from the 
mechanical numerical simulations of the antenna under deformation. 
• The impact of the decrease in conductivity due to ink damages from deformation 
on the electrical performance have been studied for the patch antenna by electrical 
numerical simulation. 
10.3 Future Work 
There are various areas of this research that could be further explored, including: 
• In this work, only S11 is characterized and studied for the antenna design. Other 
parameters such as radiation patterns should also be studied when in deformation.  
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• For the biaxial bending test, the damages are done to the printed ink structure from 
the performance of the fixture. The flexible antenna needs to be tested in other non-
invasive method such as Bladder Inflation Test to avoid the unwanted damages.  
• This work only studies one design of the rectangular patch antenna. More designs 
of the patch antenna and other types of antenna, such as spiral and dipole antenna 
designs, need to be examined. 
• The mechanical finite-element models need to be extended to account for non-
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